We study the temperature-dependent evolution of the octahedral tilt order in a lead-free relaxor ferroelectric and its impact on the ferroelectric properties. Using diffuse neutron scattering on a 0.964Na 1/2 Bi 1/2 TiO 3 − 0.036BaTiO 3 single crystal, we suggest a model for the temperaturedependent nanostructure of this perovskite that features chemically pinned tetragonal platelets embedded in the rhombohedral matrix, often separated by a cubic intermediate phase. Our results show a clear correlation between the squared thickness of the tetragonal platelets and the dielectric permittivity. This is interpreted as a sign for increased polarizability of the strained and distorted lattice at the center of the tetragonal platelets.
drawings of the atomic structure were generated using the program VESTA. 24 which is commonly used for specifying octahedral tilt systems in perovskites, the tilt system in the cubic phase can be described as a 0 a 0 a 0 (no tilt). The tetragonal phase possesses a 0 a 0 c + in-phase tilting about the c axis. Finally, the rhombohedral phase is associated with a − a − a − antiphase tilt. The double pseudocubic unit cell of NBT-3.6BT with R3c symmetry is depicted in Fig. 1 . The edge length is 2a = 7.8134Å and the rhombohedral angle is α = 89.88
• . 3 The local disorder of the Bi 3+ positions 20, 21 is not shown. The a 0 a 0 c + tilt system with tetragonal symmetry leads to superlattice reflections (SRs) at 1 2 {ooe}-type positions, 19 where o stands for odd and e for even integers. From here on, all reflections will be indexed with respect to the single pseudocubic unit cell with a = 3.9067Å. The {ooe}-type reflections are associated with the tetragonal phase and will be collectively referred to as "T -type". Since {ooo}-type (except for the R3c forbidden {ooe}-type SRs are elongated close to room temperature and exhibit a rather diffuse character, 9, 30, 36 so that the corresponding powder reflections become much broader and less intense than those that would be expected from a bulk tetragonal sample. Additionally, the low x-ray scattering power of oxygen makes the T -type SRs particularly weak in xray powder diffraction. Consequently, they may not be detectable if the tetragonal phase fraction is too low. Furthermore, Ge et al. 39 have shown that a 0 a 0 c + octahedral tilt order can occur even when no measurable tetragonal distortion of the crystal lattice is present.
In other words, the absence of the splitting of fundamental reflections such as (200) in a powder diffraction pattern does not imply the absence of a 0 a 0 c + tilting. Indeed, a cubic minority phase has been proposed by Aksel et al. 31 and Usher et al. 12 based on their powder diffraction profile refinements. It is thus conceivable that the macroscopically rhombohedral NBT and NBT-3.6BT contain a low volume fraction of a metrically cubic phase with a 0 a 0 c + tilting at room temperature. In addition to this tetragonal minority phase, a recent NMR experiment has provided direct evidence for the presence of an undistorted cubic phase.
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The domain structure has predominantly been investigated using transmission electron microscopy. Whereas an early study by Soukhojak et al. 41 reported the absence of domains in BaTiO 3 -doped NBT, the presence of domains could later be verified. Ma and Tan 8 have observed a strong composition dependence of the domain structure. For x = 3.5% and x = 4%, rhombohedral domains of approximately 100 nm have been found to dominate.
They are separated by domain walls, which are oriented parallel to {100}. 7, 42 In contrast, significantly smaller domains with an average size of approximately 50 nm have been reported for x = 4.5%. 34 The tetragonal domains in NBT-3.6BT have not been observed directly.
In the case of ceramics with x = 6%, approximately 40% of the grains possess a core-shell structure in which the shell region has P 4bm symmetry. 6, 8, 42 The shape of the tetragonal nanodomains in this region resembles thin platelets, which are oriented parallel to {100}. 
The possibility of (multiple) rotational twinning within one rhombohedral nanodomain has been studied by Major et al. 51 They showed that a simple model featuring rotational twins as the only planar defects in a rhombohedral matrix is sufficient to reproduce the electric-field-dependent diffuse x-ray scattering features. In the case of NBT-3.6BT, the tetragonal and cubic phase fractions have to be taken into consideration, too. Since the a 0 a 0 c + tilts in adjacent layers of octahedra are decoupled along the polar [001] axis, the formation energy for a stacking fault in the tilt sequence is very low. A two-dimensional model of the nanostructure of NBT-3.6BT is presented in Fig. 2 . In the first enlargement (center), the local distribution of the tetragonal phase is depicted in {ooo} reflections parallel to h, k, and l are the most prominent features. 9, 29, 43, 62 The SRs, on the one hand, are due to the octahedral tilt within nanodomains with rhombohedral and tetragonal symmetry, respectively. On the other hand, the diffuse streaks are caused by planar defects in the nanostructure with orientation parallel to {100} and an average distance of 20 nm.
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We characterize the temperature dependence of the disorder in NBT-3.6BT using elastic diffuse neutron scattering. The thermal evolution of the nanodomain structure is investigated with a special focus on correlation lengths. Finally, the observed features are related to the macroscopic permittivity.
II. EXPERIMENTAL
The data were collected at the thermal triple-axis spectrometer EIGER 63 using a double focusing pyrolytic graphite (PG) monochromator and a horizontally focusing PG analyzer.
The sample was an unpoled single-crystal boule with the composition 0.964Na 1/2 Bi 1/2 TiO 3 − 0.036BaTiO 3 . It was grown using the top-seeded solution growth method. The starting composition had previously been used to grow other crystals whose composition was verified using inductively coupled plasma atomic emission spectrometry. The temperature was varied between 310 and 780 K using a small furnace. The sample was mounted in a small, thin-walled copper bucket to achieve high degrees of temperature stability and homogeneity. A thermocouple was placed very close to the sample, so that the sample temperature could be constantly monitored and stabilized.
Al 2 O 3 -based cement was used for fixing the sample on a copper wedge. This allowed us to conduct our measurements in the hk The temperature range from 310 to 780 K was covered in nine steps, focusing on the crystallographic phase transitions. At each step, the purely elastic scattering along Q = h with −0.7 ≤ h ≤ 2.3 was measured. Two further scans were performed without the sample at the highest and lowest temperature for later background subtraction.
The following data reduction steps were undertaken: A linear interpolation of the empty container scattering intensity was performed due to its weak temperature dependence. This background was subtracted from the measured data. If the measured intensity at any given data point was below three times the interpolated background intensity, this point was neglected in the further analysis as potentially unreliable. This mainly applied to h their R-type counterparts. In addition, there is also a strong, h-independent component despite the previous background correction.
In the measurements along 1 2 kk , which are shown in Fig. 6 , a temperature-dependent M-type superlattice reflection at k = higher, but still no Third, the background intensity in the purely elastic scans along 1 2 kk with 0.8Å (Fig. 6) is significantly weaker than the h-independent scattering component observed in the scans along h scans. The lower background intensity in the overlapping Q range, and the reduction of the background with increasing Q and T , which is evident in Fig. 6 , can also be observed in the scans along h data correspondingly yields a weakly Q-dependent background intensity that is significantly lower than the h-independent intensity found along h in the measured temperature range. We thus assume that the h-independent scattering is dominated by the electric-field-dependent diffuse streak known from Ref. 9 . Its intensity remains approximately constant up to 570 K and decreases upon further heating.
The detailed temperature dependence of both the superlattice reflection intensities and the elastic diffuse scattering intensity can be seen in Fig. 7 . The intensity of the SRs has been integrated parallel to h. The rhombohedral, tetragonal, and cubic phase fractions were estimated based on the integrated intensities of the SRs. The cubic phase fraction f C near room temperature was taken from Groszewicz et al. 40 as f C = (5.5 ± 1.5)%. Jones and Thomas 28 have shown for NBT that the tilt angles in the rhombohedral and tetragonal phases are only slightly temperature-dependent over large temperature ranges. We thus assume that the temperature dependence of the structure factors |F | can be neglected. . A further correction was made to reflect the lower number of equivalent SRs in a monodomain single crystal compared to the assumed case of random orientation of the tilt domains. The resulting reduced intensity was assumed to be proportional to the respective phase fractions. It was calculated for both T -type SRs individually and subsequently averaged. To obtain the proportionality constant, the total phase fraction of the non-cubic phases had to be taken into account. With the assumption that this proportionality constant is not temperature-dependent, all phase fractions could be calculated as a function of temperature. The error bars in Fig. 8 were determined by propagation of uncertainty. Even though the measured temperature range includes the two macroscopic phase transitions from rhombohedral to tetragonal and from tetragonal to cubic, it is immediately apparent from Fig. 8 that the rhombohedral and tetragonal phases are present throughout the investigated temperature range. The tetragonal phase fraction is very significant even at room temperature, which is over 100 K below the macroscopic rhombohedral to tetragonal phase transition. With increasing temperature, the rhombohedral phase fraction We assume that these short-range correlations are due to the overdamped R 25 phonon, as proposed by Ge et al.
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On the other hand, the correlation length of the tetragonal domains increases by a factor of two around the rhombohedral to tetragonal phase transition and continues to increase to its maximum of roughly 15Å around 600 K. It is particularly striking that the correlation length of the tilts in the tetragonal domains remains below 15Å even when the sample is macroscopically tetragonal. This can be understood if the tetragonal domains are envisaged as small platelets in a rhombohedral or cubic matrix.
The phase fraction and tilt correlation length seem to be qualitatively correlated in both phases (compare Figs. 8 and 9 ). It turns out that the correlation coefficients r xy are 0.92 for the rhombohedral phase (narrow component), 0.996 for the rhombohedral phase (broad component), and 0.92 for the tetragonal phase. Eliminating the influence of temperature yields partial correlation coefficients r xy\T = 0.80 and 0.95, respectively, for the rhombohedral phase. Both correlation coefficients decrease slightly when the effect of temperature is eliminated, which shows that a causal relation between the correlation length and the phase fraction may be present. On the other hand, r xy\T = 0.93 for the tetragonal phase, which is higher than r xy and thus a strong indication that the phase fraction indeed depends on the correlation length. This dependence is shown in Fig. 10 .
To derive a possible explanation for this linear dependence, let us briefly reconsider the dependence of the octahedral tilting on the chemical short-range order. The influence of chemical short-range order on the stability of different tilt systems has been shown for pure NBT by density-functional-theory calculations.
53 A crucial result of Gröting et al. 53 was that at ambient pressure, the local cation configurations designated as "110", "11-01xy", and "111" favor out of phase a − a − a − tilts, whereas a − a − c + tilts are favored by local "10-01z", "all3+1", and "001" cation ordering. In agreement with Levin and Reaney, 49 Gröting et al. 53 propose the existence of chemically ordered nanoregions with a − a − c + tilting, embedded in a rhombohedral matrix. As we have shown, no O-type SRs are present in the case of NBT-3.6BT (see Fig. 6 ). We therefore assume that the in-phase tilting in NBT-3.6BT
occurs in tetragonal nanoregions with a 0 a 0 c + tilt order. This difference between NBT and NBT-3.6BT seems plausible considering that NBT-3.6BT is closer to the tetragonal phase field and, according to Ma et al., 7 even in a different phase field than pure NBT.
Since the local cation ordering is stable as long as cation diffusion is not activated, the tetragonal nanoregions remain fixed in space and it can be assumed that their number density does not change significantly with temperature. It can thus be said that the tetragonal platelets seem to be chemically pinned. In addition to this effect of the local Na/Bi ordering, the tilt structure depends strongly on the Ba 2+ concentration, 68 so that chemical inhomogeneity could add to the pinning effect in NBT-BT. Coming back to the interpretation of are distributed inhomogeneously in the crystal, as has been shown for pure NBT. 43, 47 At low temperatures, they are surrounded by large rhombohedral domains. The incompatibility of the tilt systems leads to a continuous transition, which in some cases involves a thin cubic layer at the interface. Due to the reduced stability of the rhombohedral tilt system at intermediate temperatures, the rhombohedral domains shrink, while the tetragonal platelets grow. At high temperatures, some rhombohedral domains disappear and the tetragonal platelets begin to shrink. The cubic interface layers, which now surround all platelets, grow to coalesce into a continuous matrix. Figure 11 shows a model for the thermal evolution of the domain structure that was sketched in Fig. 2 . The low cubic phase fraction at low to medium temperatures indicates that the tilt-free layers around the tetragonal platelets are very narrow, i.e., about one unit cell thick. In many cases, the tilt transition occurs on such a small length scale that all layers are distorted and a tilt-free layer does not occur at all. At high temperature, the cubic phase becomes dominant and the rhombohedral phase disappears. This means that the observed reduction of the correlation length in the rhombohedral phase upon heating is only partly due to domain fragmentation within the rhombohedral regions, which has mainly been observed at low to intermediate temperatures. 23 The continuous growth and coalescence of the tilt-free regions clearly leads to an additional reduction of the rhombohe-
Temperature dependence of the dielectric permittivity ε (from Fig. 3 ) and the squared correlation length ξ 2 of the tetragonal domains (from Fig. 9 ).
dral domain size due to the inward movement of the phase boundaries.
A very interesting structure-property relationship can be observed in the correlation between the dielectric permittivity ε and the squared correlation length of the tetragonal domains. This is shown in Fig. 12 .
It is clearly seen in Fig. 12 that the temperature dependences of the permittivity and the squared correlation length are very similar. This shows that the thickness of the tetragonal platelets may be of crucial importance for the dielectric properties of NBT-based relaxors. If the polarizability were constant throughout the tetragonal platelets, a linear dependence of ε on the volume fraction and thus on ξ (see Fig. 10 ) would be expected.
The observation that ε is in fact proportional to ξ 2 could indicate that the local polarizability increases linearly with increasing distance from the undistorted cubic phase, i.e., with increasing octahedral tilting. Then ε, which is proportional to the volume integral of the local polarizability, would be proportional to ξ 2 , as we observe. This is consistent with the observation that the tetragonal phase fraction increases upon poling and exhibits a more pronounced field-induced distortion. 
IV. CONCLUSIONS
We have characterized the temperature dependence of the octahedral tilt order in NBT-3.6BT using elastic diffuse neutron scattering. In order to determine the volume fractions of the different octahedral tilt systems, we have investigated the intensity of the associated superlattice reflections. We have found no indication that an orthorhombic component is present. The phase fractions of the rhombohedral, tetragonal, and cubic components depend strongly on the temperature: Close to room temperature, the rhombohedral phase dominates, but the phase fraction decreases with increasing temperature. The tetragonal phase dominates in the intermediate temperature range. Since the reduction of the tetragonal phase fraction at high temperature is not very pronounced, the macroscopically cubic phase still contains over 30 % of the tetragonal phase, 200 K above the P 4bm → P m3m phase transition.
Furthermore, we have derived the correlation lengths of the rhombohedral and tetragonal domains from the superlattice reflection profiles. We have found it necessary to include two components of the rhombohedral SRs in the fitting model below 480 K, leading to two correlation lengths on different length scales. Both correlation lengths of the rhombohedral domains decrease continuously with increasing temperature. The tetragonal domains undergo only small size changes between 6Å and 15Å, and thus remain consistently smaller than the rhombohedral domains. Notably, the correlation length of the tetragonal domains exhibits the same temperature dependence as the tetragonal phase fraction. These results lead us to the conclusion that the nanostructure at ambient temperature features chemically pinned tetragonal platelets embedded in the rhombohedral matrix, often separated by a cubic intermediate phase. The thickness of the tetragonal platelets changes with temperature.
The thickness of the cubic intermediate layers increases above the R3c → P 4bm phase transition and leads to the coalescence of the cubic regions at high temperature, when the cubic phase is the dominant component of the matrix. The additional short range order in the rhombohedral phase below the macroscopic tetragonal to rhombohedral phase transition may be due to the soft R 25 phonon mode.
We have also found clear indications that the dielectric permittivity is a function of the tetragonal platelet thickness squared. This correlation leads us to the conclusion that the tetragonal phase becomes more polarizable with increasing distance from the tilt-free interfaces. However, the composition dependence of the dielectric properties shows that a bulk tetragonal phase exhibits a weaker response than a two-phase mixture. As a final remark, we would like to point out that our studies of the static structural features provide indications towards the atomistic origin of the temperature dependence of the dielectric permittivity. However, the frequency dependence of the permittivity at lower temperatures remains unexplained. Inelastic-scattering studies might help to shed some light on the underlying dynamic processes.
